The current study evaluated the potential of gold nanoparticles (AuNPs) for the delivery of Taxol to breast cancer cells (T47D) using an in vitro cell culture model. For this study, new loading approaches and novel chemical attachments were investigated. Five different gold nanoparticle-based complexes were used to determine their cytotoxicity towards T47D cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability assay. There was no significant decrease (P . 0.05) in cell viability when T47D cells were treated with AuNPs that did not contain Taxol. However, cells were significantly killed by gold nanoparticles chemically conjugated to Taxol using three different approaches and one novel hybrid AuNP-Taxol nanoparticle, wherein no chemical bonds were involved. These Taxolloaded AuNPs were more effective at inducing cell death in vitro than a solution of free Taxol used to treat cells. This result demonstrated that Taxol could be released from the particles in the cell culture media for subsequent therapeutic action. Additionally, the experiments proved that the Taxol-loaded AuNPs were more toxic in a dose dependent manner than Taxol as a formulation for the treatment of breast cancer cells. The results of this study suggest that gold nanoparticles have potential for the efficient delivery of Taxol to breast cancer cells. This could provide a future solution as an alternative application method to overcome adverse side effects resulting from current high-dose treatment regimes.
Introduction
Breast cancer is the second most common cancer among women in the United States, accounting for nearly 1 in 3 cancers diagnosed among women. [1] It is also the second-leading cause of cancer-related death among women after lung cancer. [2] While surgery and radiation therapy are still commonly used in breast cancer treatment, [3] chemotherapy is often used as a treatment for many cancers including breast cancer. Chemotherapy has potential risks, including side effects, and therefore treatment must be assessed on an individual basis. [4] The main problem is finding the balance between delivering adequate dose of the drug to kill the cancer cells while minimising harm to healthy cells to reduce the adverse side effects on the patients as much as possible. As an emerging solution to overcome this problem, nanoparticles are being examined as vehicles by conjugating them to anticancer drugs. The current study uses nanotechnology to investigate gold nanoparticles as delivery vehicles in one such investigation.
In the past few decades, nanotechnology has emerged and provided significant developments in diverse disciplines including in medical and pharmaceutical applications such as drug delivery, [5] diagnosis, [6] imaging, [7] and tumour attack. [8] The use of nanoparticles in targeted drug delivery systems (TDDs) has attracted significant attention due to the exclusive characteristics of nanoparticles that exist when combining with chemotherapeutic drugs. For example, the ability of insoluble drugs combined with nanoparticles to increase drug uptake by malignant cells and control drug release in specific sites is significantly improved when compared with free drugs. [9] Various nanoparticles have been used in TDDSs such as solid lipid nanoparticles, [10] liposomes, [11] superparamagnetic nanoparticles, [12] and quantum dots. [13] Gold nanoparticles (AuNPs) are well suited to a range of medical applications due to their easy preparation and bioconjugation ability to bind to thiol groups and improved surface catalytic activity. [14] AuNPs have been assessed in the past as being chemically inert, and they have been considered as 'safe' for human use. [15] However, some studies have found that AuNPs can have cytotoxic effects. [16, 17] In the current study, unfunctionalised AuNPs were assessed for potential toxicity and used to conjugate with the anticancer chemotherapy drug Taxol.
Taxol, also known as Paclitaxel, is one of many hydrophobic anticancer drugs. [18, 19] It is extracted from the bark of Yew tree [20] and is used alone or in combination with other chemotherapeutics [21] to treat many types of cancer cells such as breast, [22] ovarian, [23] and lung cancers. [24] Some nanoparticle drug carriers functionalised with Taxol have been investigated for biomedical applications. [25, 26] However, Taxol has a low therapeutic index, and non-specific release to targeted cancerous cells that causes severe side effects has been observed. These hurdles have limited its potential use in clinical applications. [25, 26] Some drug carriers, though not suited as TDDs, have been approved. For example, nanoparticles-albumin conjugated to Taxol exhibited enhancement in treating metastatic breast cancer in a clinical trial. [27] Currently, PEGylation is the most common functionalisation technique used to modify gold NP surface and other nanoparticles in pharmaceutical and biological research due to the ability of polyethylene glycol (PEG) to resist fouling in biological systems. PEGylation involves the use of PEG molecules alone or conjugated to other biomolecules, such as biotin, peptides, oligonucleotides, or drugs to coat the gold nanoparticles or other nanoparticles and facilitate their internalisation into targeted cells. [28, 29] Despite the advantages of using PEG in pharmaceutical and biological applications (for more details see references [18, 25, [30] [31] [32] [33] ), its potential drawbacks are the occurrence of adverse side effects caused by the polymer itself or by its derivatives. PEG has already shown a tendency to induce clotting and clumping of cells, which may lead to embolism. This propensity is an indication of non-specific interactions between PEG and blood. [29] In addition, controversial observations for the PEG genotoxicity have been published. [34] PEG may generate some toxic side products from the polymerisation process. Thus, it is important to seek approaches that do not rely on the presence of PEG.
Previous studies involving PEGylated AuNPs as delivery vehicles have used the 2 0 -and 7 0 -positions on the Taxol molecule for attachment. [18, 25, 33, 35, 36] There are other approaches available for chemical modification of the drug molecule, and indeed other approaches, which explore ways to facilitate association between Taxol and AuNPs, would be very valuable. The work reported here uses a two-step functionalisation of carboxylic acid-terminated thiols of AuNPs as delivery vehicles; this functionalisation strategy to connect Taxol to the nanoparticles has not been reported previously. In addition, the conjugation of Taxol onto the thiolated AuNPs using an ester bond between the hydroxyl group on either the C2 0 -OH or C7-OH position in Taxol molecule and carboxylic ends on the thiol-functionalised gold surface using cross-linking water-soluble agents (N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride, EDC) with (N-hydroxysuccinimide, NHS) has not been reported. The advantages of using EDC/NHS coupling compared with other cross-linking agents are that no additional chemical moieties are required [37] and any surplus by-products can be easily removed by dialysis or gel filtration.
In a pilot in vitro study, Sanderson et al. found that Taxol when bound to an AuNP killed 50 % of a breast cancer cell line population at a lower concentration when compared with free Taxol in solution as an individual treatment. [38] The aim of the current study was to develop a drug delivery system for Taxol using a simple and effective technique to increase cellular uptake and effectiveness of instigating breast cancer cells death. The purpose of using different binding approaches to load Taxol onto AuNPs is to investigate which approach leads to the most effective killing of breast cancerous cells. The long-term goal of this area of research is to mitigate the side effects of Taxol by specifically delivering the drug in a doseeffective way to malignant cells without damaging healthy cells.
Three different synthesis approaches were used to chemically associate Taxol with AuNPs. These were as follows: (1) non-covalently loading of Taxol onto functionalised AuNPs; (2) chemically attaching Taxol to modified AuNPs; and (3) using an alternative synthetic method to first chemically modify Taxol and then attach this moiety to the AuNPs. Approach 1 is a much simpler protocol than reported previously, and yet still displays good bioavailability and can still induce the death of a significant fraction of breast cancer cells within 24 h.
Experimental

Materials
All chemicals and reagents were used as received without any further purification. Gold(III) chloride trihydrate, Paclitaxel, (AE)-a-lipoic acid (LA), 16-mercaptohexadecanoic acid (16-MHDA), TweenÒ 20, EDC, NHS, and sodium hydroxide were obtained from Sigma-Aldrich, Australia. Trisodium citrate dehydrate was purchased from Ajax Finechem Pty Ltd, Australia. Millipore Milli-Q water with a resistivity of 18.2 MO cm was used for all the experiments. A stock solution of Taxol (5 mg mL À1 ) was prepared in dimethyl sulfoxide (DMSO). Fig. 1 provides an overview of the modification protocols used in this work. Details of the steps are in the sections that follow.
Overview of Nanoparticle Preparation
Synthesis of Citrate-Stabilised AuNPs
Gold colloids were synthesised by sodium citrate reduction of HAuCl 4 using the method of Turkevich et al. [39, 40] The resulting gold colloids were protected from light and stored at 48C for further usage. The average diameter of the AuNPs was ,17 nm, as expected (see Supplementary Material).
Functionalisation of AuNPs
The gold nanoparticles were functionalised by a two-step approach described by Lin et al. with some modifications. [41] A solution of sodium hydroxide (NaOH, 0.5 M) was first added to the gold colloids to adjust the pH to 7.4. Then, a solution of LA (0.34 M) in ethanol was added, and the mixture was stirred with a magnetic stirrer hotplate with a speed of 400 rpm for 18 h. Then, a solution of 16-MHDA (0.34 M) was added to the mixture with further stirring for 18 h at room temperature. The samples were centrifuged 5 times at 15700 g for 15 min at room temperature to remove excess thiols. This sample is denoted as thiol@AuNPs.
Four different nanoparticles were prepared for testing. The first type of particles labelled as 'hybrid' is prepared by simply mixing the thiol-modified AuNPs with a Taxol solution. The hydrophobic Taxol inserts into the hydrophobic environment of the self-assembled long chain thiol. These particles contain no chemical connections. The second type of particles labelled as 'Conjugate A' is formed upon reaction between the carboxylic acid groups on the long chain thiols and the OH groups on the Taxol. 'Conjugate B' is obtained from the same reaction; however, the particles are prepared using a one-step thiol exchange (no LA step) and Tween 60 is used as the surfactant instead of Tween 20. Finally, the 'reverse particles' are prepared by first connecting the long chain thiol to the Taxol and then self-assembling the modified thiol onto the as-prepared citrate capped AuNPs.
Synthesis of Thiol-Functionalised AuNPs-Taxol Hybrids
For each sample, a solution of thiol@AuNPs (3.5 mL) was treated with Taxol (1.5 mL; 3 mg Taxol in 10 mL ethanol). The samples were left stirring at room temperature for varying times (1-24 h). Then, the samples were centrifuged 5 times at 15700 g for 15 min at room temperature and stored at 48C until required for characterisation and testing. This sample is denoted as thiol@AuNPs-Taxol (Hyb).
Chemical Attachment of Functionalised AuNPs-Taxol Conjugates using EDC/NHS Coupling Reaction
Thiol@AuNPs Attached to Taxol (Conjugate A).
A thiol@-AuNPs-Taxol conjugate (Conjugate A) was synthesised by EDC/NHS coupling reaction using two alkanethiol ligands. The synthesised citrate-stabilised gold nanoparticles were first degassed with nitrogen (N 2 ) to avoid oxidation of the alkanethiol, then dispersed in phosphate buffered saline (PBS; pH 7.4) containing Tween 20 (0.1 mg mL À1 ) for ,1 h under N 2 . Tween 20 was used as a surfactant to stabilise the particles by physisorption onto the surface of AuNPs. [42] Then, a solution of LA (0.34 M) was added to the mixture and stirred for 18 h, followed by addition of a solution of 16-MHDA (0.34 M) with further stirring for 18 h at room temperature. A solution of EDC and NHS dissolved in ethanol was added to the functionalised AuNPs, and the mixture was further stirred for ,6 h. Then, Taxol solution (0.3 mg mL
À1
) was added to the mixture and further stirred overnight. The resulting sample was then centrifuged 5 times at 15700 g for 15 min at room temperature to separate the unbound molecules from the functionalised AuNPs.
Thiol@AuNPs Attached to Taxol (Conjugate B).
A second thiol@AuNPs-Taxol conjugate (Conjugate B) was also synthesised by EDC/NHS coupling reaction using one alkanethiol ligand. The synthesised citrate-stabilised gold nanoparticles Reaction scheme for preparation of the AuNPs used in this study. 'Hybrid' refers to a particle formed where no chemical coupling is involved between the AuNPs and Taxol, whereas 'Conjugate' refers to a particle formed via an ester coupling between the AuNPs and Taxol. RT, room temperature.
were first degassed with nitrogen (N 2 ) then dispersed in PBS (pH 7.4) containing Tween 60 (0.1 mg mL À1 ) for ,1 h under N 2 . Then, a solution of 16-MHDA (0.34 M) was added to the mixture and stirred for 18 h at room temperature. A solution of EDC and NHS dissolved in ethanol was added to the functionalised AuNPs, and the mixture was further stirred for ,6 h. Then, Taxol solution (0.3 mg mL À1 ) was added to the mixture and further stirred overnight. The resulting sample was then centrifuged 5 times at 15700 g for 15 min to separate the unbound molecules from the functionalised AuNPs. ) was added to the mixture and stirred for a further 24 h. The synthesised AuNPs were dispersed in PBS buffer at pH 7.4 containing Tween 20 and stirred for ,1 h under N 2 . Then, the solution of AuNPs was added to the 16-MHDA@Taxol mixture. After adding AuNPs to the 16-MHDA@Taxol solution, the 16-MHDA moieties, with or without Taxol attached, adsorb onto the surface of the AuNPs due to the affinity of the sulfur atoms on the end of 16-MHDA for gold. The solution was further stirred overnight and then, the resulting sample was centrifuged 5 times at 15700 g for 15 min at room temperature to separate the functionalised AuNPs from the unbounded species remaining in solution.
Synthesis of 16-MHDA@Taxol Conjugated to AuNPs (Reverse Conjugate
)
Nanoparticle Characterisation
Absorption spectra were collected on a Cary 50 UV-visible spectrophotometer (EST 70772) at room temperature, operating at 1-nm resolution. All samples were prepared in Milli-Q water. The highly concentrated samples were diluted in Milli-Q water to give absorption readings on appropriate scales. Dynamic light scattering (DLS) measurements were taken on a Malvern HPPS particle analyser. Data were acquired at a scattering angle close to 1808 at 258C. For each sample, each measurement was performed for 2 s in triplicate. Fourier transform infrared (FT-IR) spectroscopy was performed on a PerkinElmer Spectrum 400 FT-IR equipped with an attenuated total reflection (ATR) accessory from MKII Golden Gate, Specac Ltd, at a resolution of 2 cm À1 .
1
H NMR spectroscopy data were recorded on a 600 MHz Bruker NMR spectrometer using TopSpin 3.2 NMR Software. The collected data were exported into Microsoft Excel (2010) for re-plotting and analysis of the resulting spectra. Transmission electron microscopy (TEM) characterisation was performed using a FEI Tecnai G2 Spirit transmission electron microscope with an accelerating voltage of 100 kV. Image J software was utilised to analyse TEM images.
Cell Culture Maintenance
Human ductal breast epithelial tumour cell line (T47D) was used in the bioassays and obtained from the America Type Culture Collection (ATTC). Cells were grown in T75 cm 2 flasks in Roswell Park Memorial Institute (RPMI) media, with 10 % fetal bovine serum, passaged every 3 days when cells reached ,80 % confluence. The cells were incubated in a fully humidified atmosphere at 378C with 5 % CO 2 . Cell concentration was estimated by trypan blue dye (TB) exclusion counting. This method involved diluting the cell suspension in TB at a ratio of 1 : 1, then loading the stained cells into a chamber of a Neubauer haemocytometer. Viable and dead cells were counted using a light microscope at a magnification of 40Â. The average number of cells per square was determined then multiplied by the dilution factor (Â2) to obtain the viable cell concentration (Â10 4 
cells mL À1
).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Standard Curve Assay
A standard curve was used for each experiment performed. A 96-well flat-bottom microplate was used for all assays.
Halving serial dilutions starting from 40000 cells per well to 625 cells per well were used with four technical replicates of each cell concentration. Plates were incubated for 20-22 h in a humidified incubator filled with 5 % CO 2 at 378C. The medium was then aspirated, and 200 mL of 0.5 mg mL À1 MTT in media was added to each well. The plates were incubated for 4 h, and then 70 mL of sodium dodecyl sulfate (SDS, 5.7 %)/HCl (0.006 mM) solution was added. Plates were incubated overnight in the dark at room temperature, and then the absorbance (optical density (OD)) was read using a spectrophotometer at 570 nm, with a reference wavelength of 630 nm.
MTT Interference Assay
To determine if there was any interaction between the AuNPs and the components of the MTT assay, an interference assay was performed using the steps of an MTT standard curve assay. Three standard curve plates (1, 2, and 3) were seeded with cells as described (40000-625 cells well À1 ). Plates 2 and 3 also had AuNPs added at different steps of the procedure. Plate 1 was a control MTT standard curve with no AuNPs added at any stage. In plate 2, the interaction between AuNPs and the MTT solution was examined by adding 10 mL of 0.02 nM AuNPs to the MTT at the first step (initial volume of 200 mL). In plate 3, the interaction between 10 mL of 0.02 nM AuNPs and SDS-solubilising solution was evaluated at the final step (final volume of 280 mL). For the tests, all plates were incubated for the same time at the same temperature, and the absorbance was measured at 570 nm, using a reference wavelength of 630 nm.
MTT Cytotoxicity Assay: T47D Cell Line Treated with AuNPs, Conjugates, Hybrids, or Taxol
Cell treatment was performed in 96-well flat-bottom microplates, using a concentration-response curve to treat the cells in four replicate wells. Dilutions of the particles and Taxol were made in RPMI after 1 min sonication of the AuNPs stock solutions. A MTT standard curve was set up as described in the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Standard Curve Assay section. Treatment plates were seeded with 100 mL of a cell suspension at 10000 cell well À1 and incubated for 24 h at 378C with 5 % CO 2 to allow adherence. Then, the medium was removed, and 200 mL well À1 of each treatment solution was added and incubated for 24 h in a humidified 5-% CO 2 -filled incubator at 378C. The AuNPs and Taxol treatment solutions were then removed, and cells were washed once with PBS. Subsequently, 200 mL of 0.5 mg mL
À1
MTT solution was added to the plates, which were incubated for 4 h at 378C with 5 % CO 2. Then, 80 mL of 10 % SDS/0.1 M HCl was added to each well, and plates were incubated overnight in the dark at room temperature. The OD was measured at 570 nm with a reference wavelength of 630 nm.
Statistical Analysis
Statistical significance of the dose-dependent treatments was determined by one-way analysis of variance (ANOVA) with 95 % confidence level using SPSS v22.0 program (IBM, Australia). A Tukey's post hoc was calculated where appropriate. For comparison of the time-dependent effect from two experiments, independent t-test was performed using the SPSS program. Statistical significance was set at P , 0.05. All experiments were performed as three independent replicates, and all data are expressed as mean AE standard error of the mean (s.e.m.). Halfmaximal inhibitory concentration (IC 50 ) was calculated when appropriate using Prism software (GraphPad program).
Results and Discussion
Synthesis and Characterisation of Functionalised AuNPs
The synthesis of the nanoparticles was monitored using several methods. Fig. 2a-c shows the UV-visible and NMR spectra of the products at various steps. Results of other characterisation studies, i.e. FT-IR spectroscopy, DLS, and TEM, are provided in the Supplementary Material (see Figs S1-S3) .
The displacement of the citrate and chloride anions from the surface of the AuNPs by sulfur-containing molecules after adding LA to the gold colloids medium is the first step of the preparation. It is known that LA possesses a carboxylate group and a disulfide moiety S-S. These sulfur atoms display strong affinity for gold. At high pHs, the negative charges of the stabilised AuNPs and disulfide bonds of LA create two bonds of sulfur-gold (S-Au). The formation of these new bonds delays the LA desorption kinetics, subsequently enabling the formation of a stable gold core and building up sufficient monolayers during reduction in the degree of electrostatic stability in the second step when exchanging via 16-MHDA. [41] Taxol has three hydroxyl groups and one amino group. After the two-step functionalisation of the AuNPs, a solution of Taxol was added to the mixture. It was noticed that upon centrifugation of the Hyb samples, the Taxol settled at the base of the centrifuging tube close to the functionalised AuNPs. This phenomenon can be attributed to the presence of van der Waals electrostatic interactions between the carboxylate groups of the alkanethiolcapped gold nanoparticles and the hydroxyl groups of Taxol. Thus, several centrifugation steps are required for effective separation of the AuNPs with bound Taxol from the unbound Taxol. Fig. 2a shows representative UV-visible spectra of Taxol and the citrate-stabilised and functionalised AuNPs. The spectrum of the citrate-stabilised AuNPs shows a characteristic surface plasmon resonance band of gold nanoparticles at ,524 nm. The slight shift of the band to the red region from 524 nm to 528 nm for the LA@AuNPs sample can be attributed to the attachment of LA to the surface of the gold nanoparticles. [41] The slight shift of the surface plasmon resonance band from 524 nm to 529 nm for the thiol@AuNPs sample may be attributed to the successful exchange between LA and 16-MHDA on the surface of AuNPs. Following final modification with Taxol, the spectrum of Hyb shows a band at ,230 nm, which can be assigned to Taxol. The presence of the Taxol-related band, which is slightly shifted to the red region, indicates the loading of Taxol molecules onto the functionalised gold nanoparticles sample. Fig. 2b , c shows two sections of the 1 H NMR spectra of the thiol@AuNPs-Taxol conjugates. The complete NMR spectra are provided in the Supplementary Material (Fig. S4) . After attaching 16-MHDA@Taxol molecules to AuNPs, all main characteristic peaks corresponding to Taxol [43] and 16-MHDA were observed. As expected, the signals of 16-MHDA were observed in the 16-MHDA@AuNPs-Taxol conjugates. Some Taxol-related peaks overlapped with other peaks of 16-MHDA in the region between 1 and 3 ppm, thus hampering detection of some Taxol peaks. Overall, there were no significant chemical shift changes of the signals assigned to Taxol after conjugation. However, several important changes were seen in the 1 H NMR spectrum. Successful conjugation via formation of an ester bond between 16-MHDA and C2 0 in the Taxol molecule is evidenced by the absence of the hydroxyl proton resonance (3.57 ppm, Fig. 2b ) and the collapse of the C2 0 proton resonance (4.83 ppm) from a doublet of doublets (J ¼ 2.6, 5.0 Hz) before conjugation, due to coupling with both the hydroxyl proton on C2 0 and the proton on C3 0 , to a single doublet (J ¼ 2.6 Hz) due to the coupling to the C3 0 proton only (see Fig. 2b ). A selective 1D NMR COSY experiment (see Fig. S5a , Supplementary Material) tuned to the C2 0 proton resonance confirmed a single coupling and a lack of a peak for the hydroxyl proton on C2 0 , further confirming the loss of this hydroxyl proton as a result of conjugation.
In a similar manner, conjugation at C7 in the Taxol molecule can also be inferred from two pieces of evidence. First, the absence of the hydroxyl proton resonance (2.46 ppm) on C7 and second the collapse of the complex multiplet signal for C7 proton before conjugation to a doublet of doublets (4.42 ppm). Specifically, before conjugation, the C7 proton was coupled to the C7 hydroxyl proton in combination with the diastereotopic C6 protons, yielding a complex multiplet. After conjugation, coupling to the diastereotopic C6 protons only yields a doublet of doublets (J ¼ 6.7, 10.9 Hz). Furthermore, a selective 1D NMR COSY experiment (see Fig. S5b , Supplementary Material) tuned to the C7 proton resonance confirmed couplings to only the two protons on C6 and the absence of peaks relating to the hydroxyl proton on C7, further confirming the loss of this hydroxyl proton as a result of conjugation.
After functionalisation of the AuNPs using the two-step conjugation approaches, a carboxylic acid terminal end on the AuNPs surface was obtained. An EDC/NHS coupling reaction was used to crosslink the anticancer drug Taxol to the gold nanoparticles. With C-2 0 or C7 hydroxyl group of Taxol and carboxyl group of 16-MHDA or LA, used as linkers and stabilisers, an ester bond was formed via the EDC/NHS coupling reaction. Although EDC and EDC/NHS are used as crosslinking agents to form amide bonds between activated carboxyl ends and amine groups, [44, 45] in this study, the EDC/NHS reaction was used to form ester bonds, as demonstrated previously. [46, 47] The ester bonds were successfully formed and confirmed via 1 H NMR spectroscopy. In the reverse synthesis method, the alkanethiol-terminated carboxyl group (16-MHDA molecules) was first attached to Taxol by dehydration using EDC/NHS coupling reaction; hence, an ester bond was obtained. Then, upon addition of the AuNPs to the mixture, the sulfur atoms on 16-MHDA chemisorbed onto the surface of the AuNPs and displaced the citrate and chloride anions from the AuNPs as thiols possess a stronger affinity for gold nanoparticles. [41] To determine the number of Taxol molecules in each AuNP complex, the absorbance bands of thiol@AuNPs, Taxol loaded onto the hybrid thiol@AuNPs, and free Taxol in the supernatant from the seven samples prepared with different mixing times were measured using UV-visible spectrophotometry. The results of the DLS analysis of these samples are provided in Fig. S3b (Supplementary Material) . The absorbance peaks of Taxol for different measurements were obtained by subtracting the normalised thiol@AuNPs-Taxol (Hyb) spectrum from the thiol@AuNPs spectra (data not shown). The relationship between these absorbance values and the concentrations was obtained using the Beer-Lambert law. The molar extinction coefficient of Taxol is 29.8 mM À1 cm À1 , [48] whereas the molar extinction coefficient of gold nanoparticles is 9.21
. [49] Then, the number of moles of thiol@AuNPs was calculated from the known solution or suspension volumes of the samples. The results from these measurements for the experiments involving the production of hybrid AuNP-Taxol by mixing for different times (Table 1) are shown in Fig. 3 . The total amount of Taxol observed in the supernatant after centrifugation and on the NPs was the same for the different loading times and almost equal to the total amount of Taxol added during fabrication (Fig. 3) . The Hyb particles were prepared by physically mixing the thiol-modified AuNPs (LA-and 16-MHDA-functionalised AuNPs) with Taxol solution. For these nanoparticles, no chemical bonds are involved between the Taxol and gold. However, because of charge attractions and the hydrophobic nature of the long thiol chains and the drug molecule, Taxol molecules interact with the functionalised gold and stay associated with the nanoparticles. There is a relationship between the mixing time (of the AuNPs and Taxol) used for producing the hybrid and the amount of Taxol determined in the hybrid.
The amount of the drug loaded on the functionalised AuNPs was plotted versus the amount of the free drug in the supernatant as a function of time (Fig. 3) . In general, the amount of Taxol on thiol@AuNPs in the first 20 h decreased as the amount of the drug in supernatant increased. This result indicated that higher drug loadings could be obtained at the shorter times. Under prolonged exposure, it is likely that Taxol decomposes in an aqueous environment, leading to improved solubility of the decomposition products and lowering the extent of Taxol attachment.
The hybrid sample, which was subsequently examined to treat the cells, was prepared using a mixing time of 1 h, which resulted in a Taxol loading of 0.033 mg (see Table 1 ).
MTT Interference Assay
The MTT standard curve showed a linear correlation between the OD readings and number of cells per well. To assess possible interference of the presence of the AuNPs with the results of the MTT assay, three different standard curve plates were prepared. Plate 1 was set up as a normal standard curve (untreated control), plate 2 was used for assessing the interaction between the AuNPs and MTT dye, and plate 3 was set up to evaluate the interaction between the AuNPs and SDS-solubilising solution. There was no significant difference among the three curves generated (data not shown), indicating that the AuNPs did not exert any significant effects on the parameters of the MTT assay.
The MTT assay was selected to evaluate cell proliferation and cytotoxicity. This assay is based on the reduction of the MTT dye by the mitochondria of the cells to a purple insoluble formazan [50] and is well recognised for detection of mitochondrial activity. [51] The current results showed the expected linear correlation between cell number and absorbance values for the MTT assay standard curves with an R 2 of ,0.98. The coefficient of variation for the technical replicates was consistently in range of 2-10 %, demonstrating that this assay is reliable and technically reproducible. It has been employed to validate other methods, including when determining nanoparticle toxicity. [52] Results for different types of particles have been reported in the literature, including nanoparticles of titanium dioxide, iron oxide, zinc oxide, and silica [53] [54] [55] The absorption spectrum of reduced MTT dye is pH dependent, and some metal ions affect the MTT reduction reaction. [56] Hence, nanoparticles could potentially interact with the MTT substrate e.g. by reducing the amount of free MTT and causing a false negative result. [51] Belyanskaya et al. demonstrated that single-walled carbon nanotubes significantly decreased the extent of the MTT reaction when assaying human A549 lung cancer cells. [57] Also, sodium titanate nanoparticles increase the MTT-formazan light absorption in a concentration-dependent manner, possibly due to light scattering effects. [58] Hence, in the current study, an interference assay was developed with T47D cells to determine the effects of the AuNPs on the MTT assay via interaction with either the MTT substrate dye or the SDS-solubilising solution. There were no significant differences in the standard curves when AuNPs were present at either step when compared with the control standard curve without AuNPs (data not shown). This result was consistent with a previous study, which reported that when A549 cells were assayed with the MTT assay with thiolated AuNPs present, no interference was detected. [38] Thus, the MTT assay is valid to assess the cytotoxicity response of T47D to AuNPs.
Cytotoxicity of Functionalised AuNPs
The stability of the AuNPs and drug release were monitored. After 2 months of storage in the fridge in the PBS buffer used in the cell experiments, no drug release was observed for Conjugate A (see Fig. S6 , Supplementary Material). Triplicate experiments were undertaken for each of the different AuNP complexes to assess their cell-killing activity towards breast cancer cells. For one set of data interpretation, the reference point was the concentration of the AuNPs (Fig. 4) , whereas in the second case, the reference point was the effective concentration of Taxol (Fig. 5) . For the second case, the amount of Taxol was determined from either the loading of the particles (determined as outlined previously) or the concentration of free Taxol added in solution.
As shown in Fig. 4 , there was no significant decrease in the relative survival (%) of T47D at either concentration tested for the unconjugated AuNPs (grey line). However, when the T47D cells were treated with Hyb for 24 h (Fig. 4) , a significant dosedependent decrease in cell viability was observed. Viability decreased to a mean of 49 % at the highest dose (0.109 nM AuNPs). This decrease was significantly less than that obtained for the untreated cells (control; P # 0.05). The T47D cells were also treated with the Taxol-conjugated gold nanoparticles for 24 h. led to significant reduction in the relative survival of the cells at a lower concentration of 0.027 nM (P # 0.05), but the reduction in cell viability for 0.027 nM of Conjugate A was not statistically significant. There was no significant difference (P . 0.05) in cytotoxicity response at the three higher doses (0.027, 0.054, 0.109 nM) between Conjugates A and B; relative cell viability values of 56 % and 58 % were obtained for cell treatment with Conjugates A and B, respectively, at 0.109 nM. In contrast, the Reverse Conjugate was less cytotoxic than these two conjugates at all concentrations tested, and it induced no significant cytotoxicity (P . 0.05). for the Taxol in hybrid thiol@AuNPs-Taxol; 0.26 mg mL À1 for Taxol in Conjugate A; 4.57 mg mL À1 for Taxol in the Reverse Conjugate; and 50 mg mL À1 for Taxol alone). However, despite the difference in Taxol concentration, there was no significant difference in relative survival (%) (P . 0.05) under all these treatment conditions (Fig. 5) . Therefore, there was no significant difference in cell killing (P . 0.05) by the highest dose of Taxol alone when compared with that obtained using Conjugate A and Hyb though treatment with Taxol alone required at least 1 order of magnitude higher concentration of Taxol when compared with that required when Conjugate A and Hyb are involved.
Cell viability assays allow testing of the overall concentrationdependent toxicity of AuNPs on cultured cells by detecting cell survival after nanoparticle exposure. A functionalised gold nanoparticle contains the core material (gold) and surface-bound stabilising molecules and possibly other chemicals that remain attached after synthesis. Each of these components could potentially influence cytotoxicity. [15] In the current study, the potential cytotoxicity was investigated using five different types of AuNPs prepared using different synthesis methods: functionalised AuNPs (no Taxol), hybrid AuNPs-Taxol (Hyb), Conjugate A, Conjugate B, and Reverse Conjugate.
The functionalised AuNPs did not induce any significant (P # 0.05) cytotoxicity to T47D cells after 24-h treatment at all concentrations tested (Fig. 4) . Thus, at a concentration of 0.125 nM, the gold nanoparticles functionalised with LA and 16-MHDA are not toxic in vitro. As consistent with the current data, a literature study, wherein leukaemia cells, gold nanoparticles of different sizes (4, 12, and 18 nm in diameter), and capping agents (citrate, cysteine, glucose, biotin, and cetyltrimethylammonium bromide) were used, showed no significant cytotoxicity at all conditions tested; the MTT assay was used as an end point. [59] To chemically conjugate Taxol to AuNPs, three methods were used. Two of these complexes, namely the Reverse Conjugate and Conjugate A, were assessed for toxicity against T47D as a function of Taxol concentration using the MTT assay as an end point. Conjugate A and Reverse Conjugate showed a similar shape concentration curve per nanomol of gold nanoparticles; however, Conjugate A was shown to be more effective at killing breast cancer cells (Fig. 4, see following for details) . Upon analysis in relation to the level of cell killing (% relative survival) induced by a given concentration (mg mL À1 ) of Taxol on the AuNPs (Fig. 5) , the effectiveness of the two conjugated AuNPs-Taxol was even more distinct. Conjugate A was more effective per amount of Taxol loaded on the nanoparticle than the Reverse Conjugate. No significant cytotoxicity was observed on the cells treated with Reverse Conjugate at all concentrations tested within the 24 h treatment period (P , 0.05). This result is likely due to the fact that the reverse method is not as effective as loading the AuNP with Taxol as the other conjugate methods. The hybrid induced the highest level of cell killing of the three AuNPs tested (Fig. 5 ). This could be because the Taxol is not chemically bound to the gold in the hybrid nanoparticles and may be more easily released once the nanoparticles reach the cellular environment.
Conjugate B was also examined. Conjugate A was prepared using Tween 20 surfactant in the reaction, and Taxol was chemically linked to the thiol groups. Preparation of Conjugate B involved a different modification process, and Tween 60 was used as surfactant to stabilise AuNPs instead of Tween 20. Conjugate A at 0.054 and 0.109 nM AuNPs significantly decreased the relative survival rate of the cells when compared with the untreated control (P , 0.05, Fig. 4) . Similarly, Conjugate B reduced the T47D relative survival significantly at concentrations of 0.027, 0.054, and 0.109 nM when compared with the untreated control. At the highest dose, both Conjugate A and B reduced the relative survival to ,57 %. No significant difference was observed in cytotoxicity between Conjugate A and Conjugate B at all concentrations tested (P , 0.05). Though there are differences between the preparation methods of these two conjugates, the Taxol is stably attached in both conjugates. Hence, it is not unexpected that the Taxol in both conjugate exhibits the same efficacy in the MTT assay. In contrast, the Reverse Conjugate exerted a significantly lower cytotoxic effect on the T47D cells, with a higher relative survival of 71 % at the highest dose. These results indicate that the synthesis mechanism of the Taxol conjugation to AuNPs could influence the cytotoxicity of the molecule, possibly via the Taxol linkage as the Reverse Conjugate was prepared by a different synthetic chemistry from Conjugates A and B. The nanoparticle surface groups, dimensions and shapes can have an effect on cellular uptake. [15] Cho et al. demonstrated that, when supplied as a mixture, the uptake of Au nanospheres and nanorods in a breast cancer cell line, SK-BR-3, has a stronger dependence on the surface ligand than on the shape of the nanostructure. [60] The T47D cell line was also treated with five different concentrations of Taxol alone (free unbound drug in solution). A decrease in cell viability (P , 0.05) was observed when cells were treated with Taxol, which reached significance at 5 and 50 mg mL À1 when compared with the untreated control (Fig. 5) . Comparison of the results of treatment with Taxol when incorporated in the hybrid with those when treatment is performed with unbound Taxol in solution reveals that only 0.11 mg mL À1 Taxol is required for effective reduction in cell survival (,50 %) in the presence of Hyb; in contrast, a higher dose of 50 mg mL À1 is required to achieve a similar result in the presence of free Taxol. This result indicates that the Taxol in the hybrid nanoparticles is somewhat more effective in inducing cell death than Taxol used to treat the cells free in solution. It was demonstrated that the water solubility of Taxol is quite poor, and it is easily destroyed in aqueous solutions. [61] Therefore, the obtained results could potentially imply that the solubility or stability of Taxol increased after mixed with AuNPs, thus increasing the overall cytotoxicity. This could be due to an increase in the level of endocytosis because the Taxol in Hyb is more accessible. [33] 
Conclusion
The present study explored several options for modification of AuNPs with a breast cancer chemotherapy agent, namely Taxol. The current findings showed effective killing of cancer cells, confirming that Taxol from the AuNPs was bioavailable. Additionally, the findings showed that the method of loading the nanoparticle could have a significant effect on cell-killing activity, with the most effective nanoparticle requiring a 1000 times less active drug to induce the same cell mortality. Importantly, this loading method was by far the simplest and involved no chemical linkages between the particle and drug unlike many complex chemical processes reported in the literature. The results of this study could impact on the current direction of development of novel cancer drugs, as the combination of a drug with gold nanoparticles offers a potential solution to lowering adverse side effects produced by many drugs available in the market by lowering the amount of active drug required in the therapy.
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